ABSTRACT. The use of Transgenic (Tg) mice expressing chimeric sheep/mouse (Sh/Mo) prion protein (PrP) and chimeric bovine/mouse (Bo/Mo) PrP genes was evaluated as a sheep scrapie model. We also investigated the potential for the transmission of sheep scrapie to a human/mouse (Hu/Mo) PrP Tg mouse line. 
Transmissible spongiform encephalopathies (TSEs) including Creutzfelt-Jakob disease (CJD) in humans, scrapie in sheep and goats, and bovine spongiform encephalopathy (BSE) in cattle are characterized by spongiosis, astrocytosis and the accumulation of an abnormal proteaseresistant prion protein (PrP), termed PrP Sc [14] . The transmission of prions between species is often stochastic, characterized by prolonged incubation periods or even the absence of clinical signs and symptoms during the first passage in a new host. The reduced susceptibility of one species to prions derived from another is due to the "species barrier" [12] . Studies using transgenic mice expressing PrP transgenes have conclusively shown that the PrP gene is the primary determinant that controls susceptibility to foreign prions [1, 3, 8, 15-18, 20, 21] . Moreover, the incubation period of TSEs in transgenic mice is inversely proportional to the level of PrP protein produced in the host brain [13, 22] .
Sheep are natural hosts for scrapie, but many restrictions affect the use of these animals to study this disease. Such limitations include the high cost of large numbers of animals, space and facilities, biohazard problems and long incubation periods. Therefore, reliable and practical animal models of sheep scrapie are required to bioassay of sheep prions.
Tg mice expressing the sheep PrP gene would be useful tools with which to bioassay sheep scrapie [13] . A host factor, provisionally called "protein X", may be involved in species-specific prion propagation [20] . In the human/ mouse Tg system, the "protein X" effect can be overcome using chimeric human and mouse PrP (MHu2M PrP) [14, 20] .
We developed Tg mice expressing a chimeric PrP gene (Sh/Mo or Bo/Mo PrP) and assessed their susceptibility to sheep prions with a view to using these mice as a model of sheep scrapie. We also investigated the potential transmission of sheep scrapie to the Hu/Mo PrP Tg mouse line. Figure 1 shows the organization of both chimeric PrP genes. The above mice were crossbred with knockout mice (Prnp -/-) [23] , then screening these offspring for the transgene. We used Tg mice that were heterozygous for the transgene and non-transgenic littermates as controls.
MATERIALS AND METHODS
Screening of transgene: Tail tissue from weaned pups was digested with 400 µl of proteinase K (150 µg/ml in 50 mM Tris-HCl, 100 mM NaCl, 20 mM EDTA, 1% SDS, pH 8.0) at 37°C for 24 hr. Cellular DNA was extracted twice with buffered-phenol and once with chloroform:isoamyl alcohol (24:1 v/v) and precipitated with three volumes of ethanol. Mouse PrP residues 40 to 187 in the open reading frame (ORF; indicated by dotted box in Fig. 1) were replaced in the transgene with the corresponding regions of sheep PrP ORF (sheep substitutions extended from 34 to 190) or bovine PrP ORF (bovine substitutions extended from 34 to 198). The bovine ORF is a common type that contains six copies of an octarepeat sequence. The sheep ORF was derived from a sheep with the PrP amino acid polymorphisms, 136 Ala and 171 Gln. Figure 1 shows amplification of the coding region and digestion of the PrP gene. Endogenous mouse or chimeric PrP genes were differen tiated b y PCR u sing the prim ers, Tr-1 (5 '-GCCCTCTTTGTGACTATGTGG) and Tr-2 (5'CCCCCT-TGGTGGTGGTGGTGAC Brain homogenate (10% w/ v) from control mice was prepared in 20 mM Tris-HCl, 0.5 mM MgCl 2 , 0.5 mM DTT, 6% Sarkosyl, 2 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.5. The homogenate was stabilized for 30 min at 37°C and then separated by centrifugation at 17, 860 × g for 5 min at room temperature. The supernatant was decanted and centrifuged again at 173, 969 × g for 20 min at 20°C. The supernatant was precipitated with 10 volumes of methanol and boiled in a double-concentrated sample buffer (0.1 M Tris-HCl, 4% SDS, 2% 2-mercaptoethanol, 20% glycerol, 0.01% bromophenol blue, pH 6.8) at 100°C for 10 min.
To detect PrP Sc , brains of mice infected with scrapie were minced, suspended in 6.5 volumes of 50 mM Tris-HCl, 5 mM MgCl 2 , 2% Triton X 100, pH 7.5 and digested with DNase I (65 µg/100 mg tissue) and collagenase (650 µg/100 mg tissue) at 37°C for 3~10 hr until tissue clumps disappeared. Sarkosyl was added to a final concentration of 6.25% and the mixture was equilibrated for 30 min at 37°C before centrifugation at 17, 860 x g for 5 min at room temperature. The supernatants were digested with proteinase K (40 µg/100 mg tissue) for 2 hr at 37°C, then PMSF was added to a final concentration of 2 mM. Proteins were precipitated with nine volumes of methanol and collected by centrifugation at 17, 860 × g for 5 min at 4°C. The precipitates were dissolved in double-concentrated sample buffer at 100°C for 10 min. Proteins were resolved by electrophoresis in 12% polyacrylamide gels containing 0.1% SDS and transferred to Hybond-PVDF membranes (Amersham, U.S.A.) using a wet blotter as described [6] . Non-specific binding was blocked using 5% skim milk, 0.2% Tween-20 in PBS on a rocking platform. PrP Sc -or PrP C -specific bands were visualized using the primary antibodies, B103, H90, or the monoclonal antibody (mAb) BSPX54 (Table 1) , and the secondary antibody, horseradish peroxidase-conjugated anti-mouse or rabbit IgG (Amersham) in the ECL-Western blot detection system (Amersham). Bands were visualized and quantified using FUJIFILM LAS-1000 (FUJIFILM, Tokyo, Japan) and FUJIFILM Image Gauge (FUJIFILM, Tokyo, Japan), respectively.
RESULTS

Expression of PrP
C in Tg mice: Barriers between mouse and other species is thought to be influenced by the expression of transgene products and heterology between exogenous PrP Sc and de novo PrP C in mice. We estimated the expression of chimeric Sh/Mo PrP C and Bo/Mo PrP C in the brains of Tg mice by Western blotting using the antisera B103 that reacts to sheep and bovine PrP, and H90 that reacts with mouse, but not sheep and bovine PrP (Table 1 and Fig. 2 ). H90 antiserum detected authentic Mo PrP C in the brains of all Tg mice ( Fig. 2A and B) . Authentic Mo PrP C signals in the Tg mouse lines were quantified and normalized by comparison with the signals from non Tg mice as a standard. Signals from total PrP C of the Tg mice in the Fig. 2A) . Similarly, the levels in Bo/Mo PrP Tg mouse lines #10, #43, #46 were 0.8, 0.5, and 2.3, respectively (Fig.  2B) . +/+ and non-transgenic mice was characterized by progressive dysbasia, mild ataxia, whole-body tremors, ataxia, and paralysis followed by death. The incubation periods in the Sh/Mo PrP Tg Prnp +/+ mice inoculated with KU brain homogenate seemed to be somewhat, but not significantly shorter than that in the non-Tg control. However, incubation periods were significantly prolonged in Sh/Mo PrP Tg Prnp +/+ mice inoculated with the Y5 brain homogenate (p<0.01) and in Bo/MoTg Prnp +/+ mice inoculated with KU and Y5 brain homogenates (p<0.01) ( Table 2) .
Susceptibility of the Tg PrP
Detection of PrP Sc in the brains of Tg mice: We analyzed the types of PrP
Sc accumulated in the brains of Sh/Mo PrP and Bo/Mo PrP Tg mice inoculated with scrapie KU homogenates using the mouse PrP specific antibodies H90 and the sheep/bovine PrP specific mAb BSPX54. Brains from the mice inoculated with sheep scrapie and the Obihiro strain [19] served as controls for Sh PrP Sc and Mo PrP Sc respectively (Fig. 3) . Mo PrP Sc was detected with H90 but not with mAb BSPX54, while Sh PrP Sc was detected only with mAb BSPX54 (Fig. 3) . Based on the antibody specificity, both Mo PrP Sc and Sh/Mo PrP Sc were detected in the brains of Sh/ Mo PrP Tg mice #50 and #61 that developed symptoms of scrapie signs with KU (Fig. 3A) Sc was undetectable in their brains. In another study, when Sporadic CJD isolate was inoculated into the same mouse line, the incubation period was 156 ± 14 days [11] (Table 3) . These results indicated that sheep and mouse scrapie is less transmissible to humans.
DISCUSSION
We established Tg mice (Sh/Mo PrP Tg mice) expressing the Sh/Mo chimeric PrP gene, the organization of which is similar to that of the MHu2M PrP gene, and investigated their usefulness as a model of sheep scrapie. However, the incubation periods in Sh/Mo PrP Tg mice inoculated with sheep prions were not reduced (Tables 2 and 3) . Moreover, almost all accumulated PrP Sc in Sh/Mo PrP Tg mice infected with scrapie were from endogenous mouse PrP C (Fig. 3A) . These results suggest that Sh/Mo PrP transgene expression did not facilitate mouse susceptibility to sheep prions.
Bo/Mo PrP Tg mice are more resistant to inoculated sheep prions (Table 2) . Moreover, PrP Sc detected in the brains of affected Tg mice was derived only from authentic mice PrP C . These results indicate that Bo/Mo PrP C cannot act as a substrate for the propagation of sheep prions. During the course of this study, Scott et al. reported that mice deficient in the authentic PrP gene but expressing MBo2M bovine/mouse chimeric PrP C (MBo2M PrP is similar to Bo/ Mo PrP in this study) are completely resistant to BSE prions. In contrast, Tg mice deficient in authentic PrP but expressing bovine PrP C are susceptible to BSE prions [17] . Our findings are consistent with these, since Bo/Mo PrP C is less competent for the propagation of PrP Sc and/or prions. Tg (BoPrP) mice expressing only bovine PrP are susceptible to BSE prion and tgOv or Tg (OvPrP4) mice expressing only sheep PrP are susceptible to sheep scrapie prions [4, 17, 22] .
The susceptibility of Sh/Mo PrP Tg mice to sheep prions was not enhanced despite expression of the Sh/Mo PrP transgene perhaps because of the relatively low expression levels of Sh/Mo PrP C in the Tg mice. The expression level of Syrian hamster (SHa) PrP or MH2M hamster/mouse chimeric PrP and tgOv lines expressing ovine PrP in Tg mice is inversely proportional to the incubation periods after inoculation with 263K hamster prions or with PG127 and LA404 sheep scrapie prions [13, 16, 22] . In fact, an expression level of hamster PrP C that was over ten-fold higher than that of mouse PrP C was required to completely overcome the species barrier effect [13] . However, the expression of Sh/ Mo PrP C was equal to or less than that of endogenous mouse PrP C . Thus, the amount of Sh/Mo PrP C expression may not have been high enough to confer susceptibility.
To eliminate the influence of mouse PrP C , we repeated (Fig. 3A) . The Cterminal part of PrP might also be involved in the process of PrP Sc formation [9, 17] . If so, the C-terminal amino acids in the sheep PrP gene might have been substituted by mouse PrP amino acid residues. Codons 182-230 between sheep PrP and mouse PrP differ in only six amino acid residues [7] , of which some are likely to be involved in the conversion from sheep PrP C to PrP Sc . The lack of susceptibility of the transgenic and non-transgenic mice lines to inoculum S2 as compared with Y5 may be related to strain characteristics (Table 3 ). Several scrapie strains have different effects on experimental mice [4, 22] . The pathogenicity and incubation periods of prion strains S2 and Y5 may be different in infected mice. Furthermore, sheep scrapie S2 was only heterozygous at codon 171 Gln/ Arg, therefore this genetic property may influence its pathogenicity. The structures of scrapie strains may also be different.
None of the human/mouse Tg lines of mice (Hu/Mo PrP Tg Prnp 0/0 ) inoculated with four natural and experimental types of scrapie developed clinical signs of scrapie and their brains were negative for PrP Sc (Table 3) . Incubation periods for scrapie isolates in laboratory primates were significantly longer than those associated with Kuru and CJD isolates [5] . Moreover, a French investigation of scrapie and CJD found no epidemiological relationships between the two diseases [2] . Thus, these and the present findings support the contention that scrapie is minimally or not at all transmissible to humans.
